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Experimental assignment of the protein termini remains essential to deﬁne the functional
protein structure. Here, we report on the improvement of a proteomic C-terminal sequence
analysis method. The approach aims to discriminate the C-terminal peptide in a CNBr-
digest where Met-Xxx peptide bonds are cleaved in internal peptides ending at a homoserine
lactone (hsl)-derivative. pH-dependent partial opening of the lactone ring results in the
formation of doublets for all internal peptides. C-terminal peptides are distinguished as
singlet peaks by MALDI-TOF MS and MS/MS is then used for their identiﬁcation. We presentKeywords:
C-terminal sequence analysis
Laboratory automation
Shewanella oneidensis MR-1
Proteomics
a  fully automated protocol established on a robotic liquid-handling station.
©  2014 The Authors. Published by Elsevier B.V. on behalf of European Proteomics
Association (EuPA). This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
functional groups, chromatographic enrichment of terminal1.  Introduction
Characterization of the exact N- or C-terminus of a protein
is an essential contribution to evidence-based gene anno-
tation. Current prediction methods fail to provide a proper
assignment of these termini that are highly sensitive to
post-translational processing events. The failure of classical
chemical protein sequencing methods to reach the through-
put and sensitivity to routinely provide this information forced
us to adopt proteomic strategies typically involving isola-
tion of terminal peptides. Replacement of chemical protein
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L-ProBE, KL Ledeganckstraat 35, B-9000 Ghent, Belgium. Tel.: +32 9 2645
E-mail address: Bart.devreese@ugent.be (B. Devreese).
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2212-9685/© 2014 The Authors. Published by Elsevier B.V. on behalf of
article  under the CC BY-NC-ND license (http://creativecommons.org/licsequencing by top-down mass spectrometry is considered,
but requires costly high resolution (FT-based) instrumentation
and intensive protein puriﬁcation. Therefore, full exploitation
of this approach awaits further technical and bioinformatics
improvements [1,2].
A number of methods have been described for the spe-
ciﬁc isolation of the C-terminal peptide of a protein, basically
falling into three categories, i.e. introducing labels at certain Laboratory Protein Biochemistry and Biomolecular Engineering –
273; fax: +32 9 2645338.
peptides and binding via functional groups to a resin. The
introduction of an isotopic label, either in the C-terminal
peptide using Br-containing reagents [3] or in the internal
 European Proteomics Association (EuPA). This is an open access
enses/by-nc-nd/3.0/).
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was purchased from Thermo (San Jose, CA, USA). ReadyS-e u  p a o p e n p r o t e o m i
eptides using H218O during in-gel digestion [4], allows to
istinguish the C-terminal peptide by matrix-assisted laser
esorption/ionization (MALDI)-MS. Due to the difﬁculties to
electively target the C-terminus and/or the need for a large
mount of sample, these techniques have rarely been applied
5]. In a second strategy, N-terminally blocked peptides and
-terminal peptides are enriched from a complex peptide mix-
ure by strong cation exchange (SCX) puriﬁcation at low pH
6]. An example of the third strategy is the use of immobi-
ized anhydrotrypsin to speciﬁcally bind tryptic peptides that
ontain an arginine or lysine at their c-terminus. C-terminal
eptides, typically devoid of such a C-terminal basic residue,
re then recovered from the non-bound fraction [7]. Lastly,
roC-TEL uses a positive selection approach to enrich the
-terminal peptides using the transpeptidase activity of car-
oxypeptidase Y to label the C-terminus of the protein with
iotin prior to tryptic digestion [8].
Recently two C-terminal sequencing techniques have been
eported that can be applied to complex biological samples,
oth combining two of the previously mentioned strategies.
ased on the COFRADIC approach, N-terminally blocked and
-terminal peptides are ﬁrst enriched in a SCX step followed
y the introduction of a butyrate label on the -amine of
he C-terminal peptides [9]. This allows identifying the lat-
er by their altered chromatographic behavior. The C-TAILS
pproach combines multiple amine and carboxyl group pro-
ection steps with a tryptic digest to selectively bind the
nternal peptides to a primary amine containing resin [10].
hese methods have successfully been applied to complex
amples, but require multiple derivatization and/or separation
teps making them labor intensive.
In the so-called ‘ladder sequencing’ techniques, ﬁrst
escribed by Chait et al. [11], a sequence-deﬁning concate-
ated set of peptide fragments, each differing from the next
y a single residue, is generated in a controlled fashion. Sub-
equently the complete fragment set, the peptide ladder, is
nalyzed mostly by MALDI-MS. While chemical ladder gener-
ting procedures, often based on the Edman degradation, have
ainly been developed for N-terminal approaches, proteolytic
igestion using carboxypeptidases (CPases) has been the pre-
erred method for C-terminal sequence analysis. Our group
as developed an enzymatic ladder sequencing technique that
nables the systematic identiﬁcation of C-termini from pro-
eins either in-gel or in-solution [12,13]. The proteins are ﬁrst
hemically cleaved under acidic conditions with cyanogen
romide (CNBr). CNBr hydrolyses the peptide bond C-terminal
rom methionine residues that are converted into homoser-
ne (hse). Under acidic conditions hse undergoes a cyclisation
o the lactone form [14]. This homoserine lacton (hsl) residue
llows to differentiate between the C-terminal peptides and
he N-terminal and internal peptides. During incubation with
 CPase, only the original C-terminal fragment (having a free
arboxyl group) is accessible to enzymatic degradation and
orms a ladder. The sequence of the C-terminal peptide can
hen be read by measuring the unseparated peptide mixture
ontaining the CPase generated fragments on a MALDI TOF MS
Fig. 1).In this ladder sequencing technique, CPase Y and P are
elected because of their broad amino acid speciﬁcity [15].
owever, it is known that cleavage C-terminal of Gly is slow, ( 2 0 1 4 ) 250–261 251
and also the presence of Phe, Thr, or Lys slows down  or inhibits
ladder generation [16]. Additionally, the rate of hydrolysis
depends on reaction conditions such as pH, ionic strength and
substrate concentration. Due to these limitations, we  observed
that the reaction times required optimization for each individ-
ual sample. Finally, it should be noted that most exopeptidases
have a KM-value in the range of 5–50 M,  which means that
they are operating at 50% maximum velocity when a protein
concentration of 5 pmol/l  is used [17]. At lower concentra-
tions (sub pmol), the proteolytic activity toward the substrate
will be minimal.
We recently reported the modiﬁcation of the technique
by eliminating the use of CPase through developing a novel
chemical approach to differentiate between internal and the
C-terminal peptides without the need to separate the pep-
tides prior to analysis [16]. In this chemical approach, the
peptide mixture, generated by digestion with CNBr, is incu-
bated in slightly basic buffer. This results in a partial opening
of the hsl derivatives to the corresponding hse derivative
(m = +18 Da). All internal peptides appear as doublets in the
MALDI-TOF MS spectrum, whereas the C-terminal peptide is
the only singlet present and can be selected for MS/MS  anal-
ysis (Fig. 1). By replacing the CPase-dependent determination
of the C-terminal peptide by a chemical method, we  made the
technique sequence independent and eliminated the need to
optimize the protocol for each sample separately.
While our previous work was based on some model pro-
teins in-gel and in solution, we here report the results
obtained from a proof-of-concept experiment by performing
the enhanced protocol in a proteomics setup on 2D-PAGE
gel separated proteins from Shewanella oneidensis. MR-1. To
increase the throughput of the method, we  transferred it to a
liquid handling and robotic platform. After loading the protein
gel spots in a 96-well plate, the robot performs all neces-
sary steps of the protocol in an automated way, including
sonication, heating, cooling, pipetting and sample clean-
up using ZipTips. Multi-arm robots can move the 96-well
plates between different modules on the worktable limiting
manual interference and contaminations. We compared the
results with data obtained by C-terminal sequencing using
the manual CPase ladder sequencing approach and demon-
strate a signiﬁcant improvement of the number of identiﬁed
C-terminal sequences.
2.  Materials  and  methods
2.1.  Materials  and  chemicals
HPLC-grade acetonitrile (ACN) was obtained from BioSolve
(Valkenswaard, The Netherlands). Triﬂuoroacetic acid (TFA)
(purity >99.9%) was obtained from Beckman Instruments
(Palo Alto, CA, U.S.A.). Urea was obtained from GE Health-
care (Diegem, Belgium). ‘Complete mini’ EDTA-free protease
inhibitor mix, DNase I and RNase came from Roche (Vil-
voorde, Belgium). Coomassie Plus Bradford protein assaytrip IPG strips, Bio-Lyte 3-10 ampholyte and Tris/Glycine/SDS
running buffer 10x were purchased from Bio-Rad (Her-
cules, CA, US). The solution of 30% (w/v) acrylamide/0.8%
252  e u  p a o p e n p r o t e o m i c s 3 ( 2 0 1 4 ) 250–261
Fig. 1 – Schematic representation of the different steps in the 2 C-terminal sequencing methods. Proteins separated by
2D-PAGE are cleaved in gel with CNBr after destaining. CNBr cleavage results in the formation of internal fragments ending
at a homoserine lactone (hsl) derivative. When the fragments are incubated with carboxypeptidase (CP), only the peptide
containing the original C-terminal sequence (Xxx–Yyy–Zzz) is accessible for enzymatic degradation by CPase and forms a
ladder. When chemical selection is used to differentiate internal from C-terminal peptides, the peptides are incubated in a
slightly basic buffer resulting in the partially opening of the hsl ring forming both homoserine (hse) and hsl derivatives of
the internal peptides. Hsl and hse have a mass difference of 18 Da. Both the ladders and the hsl/hse derivatives are
umeanalyzed by MALDI analysis on a 4800 MALDI TOF/TOF instr
(w/v) bisacrylamide was purchased from National Diagnos-
tics (Atlanta, GE, US), whereas agarose was from Eurogentec
(Liege, Belgium). Sodium dodecyl sulfate (SDS) was obtained
from Merck (Darmstadt, Germany). Sequencing-grade CPase
Y was obtained from Roche (Indianapolis, IN, USA). C-18 Zip-
Tips were obtained from Millipore (Billerica, MA, USA). 2 ml
glass vials with screw top, PTFE/Red rubber septa and polypro-
pylene screw caps were obtained from Supelco (Bellefonte, PA,
US). Polystyrene V-shaped 96-well plates were obtained from
Greiner Bio-one (Frickenhausen, DE). Water was puriﬁed using
a MilliQ water ﬁltration system (Millipore). Other chemicals
and reagents were purchased from Sigma (St. Louis, MO, US).
2.2.  Bacterial  growth  and  protein  extraction
S. oneidensis MR-1 was grown aerobically overnight in 1 L Luria
Bertani (LB) medium on a rotary shaker at a speed of 220 rpm
at 28 ◦C until an optical density at 600 nm (OD600) of 0.6
was reached. The cells were then centrifuged and washed
twice using a 50 mM Tris–HCl solution (pH 7.5). The bacte-
rial cell pellet was dissolved in lysis buffer pH 7.5 (9 M urea,
40 mM Tris–HCl, 2% 3-[(cholamidopropyl) dimethylammonio]-
1-propanesulfonate (CHAPS), 1% DTT, 0.5 mg/ml  bovine
pancreas DNase I, 0.25 mg/ml  bovine pancreas RNase A, 50 mM
MgCl2) containing a protease inhibitor mixture (EDTA-free).
A volume of 1.5 ml  of this solution was added per gram of
biomass and sonicated on ice using a Digital Soniﬁer S-250D
(Branson, Danbury, CT) for 1 min  on 30% amplitude in pulses
of 2 s. After sonication the sample was kept on ice for 15 min
to allow the DNase and RNase to digest the polynucleotides.
Next the sample was centrifuged at 16,000 × g for 45 min  and
the soluble protein fraction was precipitated with acetone at
−20 ◦C. The protein pellet was dissolved in rehydration buffernt.
(9 M urea, 1% DTT, 2% CHAPS, 2% Bio-Lyte 3-10 ampholyte
solution).
2.3.  2D-PAGE
350 l of bacterial extract (±300 g of protein as determined by
a Bradford protein assay) was loaded via passive in-gel rehy-
dration [18] on a 17 cm IPG strip, pH range 4–7. The strips were
covered with mineral oil and were left for 9 h at room temper-
ature. Isoelectric focusing (IEF) was performed using a Protean
IEF cell (Bio-Rad, Hercules, CA) at room temperature by apply-
ing a stepwise voltage gradient up to 3500 Volt, until 35 kVh
were reached. Following the focusing step the proteins were
reduced in 50 mM Tris–HCl (pH 8.8), 6 M urea, 2% SDS, 30% glyc-
erol, 1% DTT) and amidoacetylated (same buffer, DTT replaced
by 5% IAA) by shaking the strip submerged in buffer for 10 min
at room temperature. For the second dimension, the strips
were placed on a 12% SDS-PAGE gel with a 0.5% agarose gel as
interface. The gels were run at 30 mA/gel until the bromophe-
nol blue front reached the bottom of the gel. After ﬁxation (40%
EtOH, 10% acetic acid), the gels were stained overnight with
Coomassie G. The gels were destained with 30% methanol
prior to spot picking.
2.4.  CNBr  cleavage
CNBr cleavage of gel separated proteins was performed
as described before [13,16]. Brieﬂy, after visualization and
destaining, the bands or spots containing the protein were
excised from the gels. Before cleavage with CNBr, the gel pieces
were washed twice with 100 l 200 mM NH4HCO3/50% ACN
and then shrunken with 40 l ACN and rehydrated in 5 l MQ.
CNBr cleavage was started by adding 15 l TFA and 5 l 5 M
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Fig. 2 – Picture of the setup of the Tecan liquid handling
and robotic system. Top: front view, Bottom: top view one u  p a o p e n p r o t e o m i
NBr in ACN. CNBr and TFA are highly toxic and corrosive
roducts which must, at any time, be manipulated under a
ume hood, only by skilled personnel wearing protective cloth-
ng! After incubation overnight (4 ◦C) the supernatant was
ollected and the peptides were extracted twice with 30 l 70%
CN/0.1% TFA for 30 min  at 37 ◦C. All fractions were pooled
nd dried in a SpeedVac (Thermo Savant, San Jose, CA, USA).
are must be taken during sample manipulation to avoid
xidation. Oxidation of methionine to methionine sulfoxide
revents CNBr from attaching to the sulfur atom and initiating
he cleavage reaction. Therefore, samples were submitted for
el electrophoresis as soon as possible after cell lysis, and gels
ere kept in a TCEP containing solution until CNBr digestions.
.5.  Carboxypeptidase  protocol
he CPase protocol was performed as described by Samyn
t al. [13]. Sequencing-grade CPY was diluted to a stock
olution of 1 pmol/l  in 40 mM sodium citrate pH 6.0. For
ime-dependent ladder formation the CNBr fragments were
issolved in 10 l 10 mM ammonium acetate buffer pH 5.4
nd mixed with CPY (enzyme to substrate ratio of 1:50 wt/wt).
fter 0, 1, 3, 10, 20 and 30 min  0.5 l of this mixture and
.5 l of matrix were spotted on the MALDI target plate.
or concentration-dependent digestions, the CNBr fragments
ere dissolved in 5 l ammonium acetate buffer. 0.5 l was
potted onto the MALDI target plate and incubated with 0.5 l
f 1, 0.2, 0.04, 0.008 pmol/l  CPY until solvent evaporation ter-
inated the reaction.
.6.  Chemical  derivatization
efore the chemical derivatization, the dried samples were
esalted using C18 ZipTip micro puriﬁcation tips. The Zip-
ip protocol was performed as described by the manufacturer.
 50% ACN/0.1% TFA solution was used as activation and
lution solvent. A 0.1% TFA solution in MQ was used as dissolv-
ng, equilibration and wash solvent. After elution the samples
ere dried (in an oven) at 60 ◦C for 15 min. The partial open-
ng of the hsl to hse was performed by dissolving the sample
n 10 l 10 mM NH4HCO3 (pH 8.0), and incubation at 37 ◦C for
0 min. During the dissolving steps the samples were sonica-
ed for 5 min. After incubation 0.5 l of the sample was spotted
nto the MALDI target plate.
.7.  Automation
ll samples obtained from the chemical derivatization pro-
ocol were processed on a Tecan Freedom Evo 150 platform
Fig. 2). The custom designed robot is equipped with a robotic
anipulator arm to move 96-well plates and an 8-channel
iquid handling arm. Two channels on the liquid handling arm
re set up to be used with ZipTips. Two other channels are
quipped with high internal volume stainless steel needles
ith sharp tips, used to pierce through the rubber septa
f the vials containing the corrosive chemicals. The last channels on the liquid handling arm are equipped with
igh precision Tecan Positioning System (Te-PS) ﬂuorinated
thylene propylene (FEP) coated stainless steel needles used
or all other liquid handling. The worktable (1.5 m)  holdsthe reaction table.
96-well plate carriers, solvent trays, slots for glass vials, a
heater with six 96-well plate slots at different temperatures
and a sonicator used as alternative for a vortex. The solvents
and one 96-well plate carrier were cooled to 4 degrees to slow
down evaporation of the solvents. The entire robotic platform
is placed under a fume hood to protect the user from the toxic
TFA and CNBr vapors. Freedom Evoware 2 standard software
serves as an interface between the user and the platform.
The excised gel spots were collected in polystyrene V-
shaped 96-well plates that are resistant to the corrosive
properties of CNBr. All steps of the chemical derivatization
protocol; destaining, chemical cleavage, extraction, ZipTip,
lactone opening and spotting on the MALDI target plate
were performed by the robotic platform. The only steps that
required manual handling were covering the 96-well plate
with Paraﬁlm to prevent evaporation during the overnight
incubation with CNBr and placing the 96-well plate in the
SpeedVac to dry the samples after extraction.
2.8.  Mass  spectrometry
All mass spectrometry analyses were performed on an Applied
Biosystems 4800 plus Proteomics Analyzer with TOF/TOF
optics (Applied Biosystems, Foster City, CA). This MALDI mass
spectrometer uses a 200 Hz frequency tripled Nd:YAG laser
operating at a wavelength of 355 nm.  For high resolution anal-
ysis of the peptides, the instrument was operated in reﬂector
mode. For MS/MS, ions generated by the MALDI process were
accelerated at 8 kV through a grid at 7.3 kV into a short, linear,
ﬁeld-free drift region. In this region, the ions passed through
a timed-ion-selector device that is able to select a peptide
ion, for subsequent fragmentation in the collision cell. The
selected ions then passed through a retarding lens where they
were decelerated and allowed to enter into the collision cell,
which was operated at 7 kV. The collision energy is deﬁned by
the potential difference between the source and the collision
 m i c s254  e u  p a o p e n p r o t e o
cell (1 kV). After passing through the collision cell, the ions
(both intact peptide ions and fragments) were accelerated in
the second source region at 15 kV into the reﬂector, and ﬁnally,
to the detector.
Samples were prepared by applying 0.5 l of the sam-
ple to a 384-well stainless steel target plate and by adding
0.5 l matrix solution (25 mM -cyano-4-hydroxycinnamic
acid + 10 mM ammonium citrate solution in 50% ACN con-
taining 0.1% TFA). They were allowed to air-dry at room
temperature and were then inserted into the mass spec-
trometer and subjected to MALDI-MS analysis. All MS  and
MS/MS  experiments were performed twice on the same sam-
ple (two spots) and were run in duplicate. Prior to analysis,
the mass spectrometer was externally calibrated with a mix-
ture of Angiotensin I, Glu-ﬁbrino-peptide B, ACTH (1-17), and
ACTH (18-39). For MS/MS  experiments, the instrument was
externally calibrated with fragments of Glu-ﬁbrinopeptide.
2.9.  MS  data  analysisGPS explorer (Applied Biosystems, Foster City, CA) was used
to search the combined MS  and MS/MS  data against the
NCBI S. oneidensis MR-1 protein database [19], obtained from
www.ncbi.nlm.nih.gov. GPS Explorer used a local MASCOT
Fig. 3 – 2D-PAGE separated proteins from aerobically grown Shew
loaded on an IPG strip (4–7) and analyzed as described. The num 3 ( 2 0 1 4 ) 250–261
server for protein identiﬁcations [20]. Both for PMF  and MS/MS
searches, the 50 most intense ions were uploaded to the server.
Search parameters were as follows: 100 ppm peptide tolerance
and 0.5 Da MS/MS tolerance. CNBr was selected as cleavage
reagent and zero miss cleavages were allowed. Conversion of
methionine to hsl or hse and carbamidomethylation of cys-
teine were allowed as variable modiﬁcations.
The MS/MS spectra of the C-terminal peptides were manu-
ally interpreted and the sequence tags were searched against
the NCBInr database using blastp (http://blast.ncbi.nlm.nih.
gov/). S. oneidensis MR-1 was selected as organism and BLOSUM
62 was selected as scoring matrix. Additionally, to conﬁrm
the identiﬁcations, the obtained C-terminal sequence tags
were searched using MS homology (http://prospector.ucsf.
edu/prospector/mshome.htm).
3.  Results
3.1.  Implementing  the  chemical  derivatization  protocol
on a  robotic  platform
After optimization of our chemical method [16] we  observed
that it was robust and in contrast with our previous
anella oneidensis MR-1. ±300 g of total cell extract was
bered spots were subjected to the new approach.
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Pase-based strategy, it was largely independent from the
equence of the C-terminal peptides [12]. In order to obtain
 higher throughput, we  decided to transfer the protocol to an
utomated robotic platform. Due to some limitations of the
ecan platform and the corrosive properties of two essential
hemicals (TFA and CNBr) some adaptations had to be made
o the initial protocol (Suppl. Fig. 1).
Supplementary Figure related to this article can be found,
n the online version, at doi:10.1016/j.euprot.2014.03.004.
To limit the number of manual interventions, all drying
nd dissolving steps were performed in an oven (60 ◦C) and
n a sonicator embedded in the robot instead of being placed
anually in a SpeedVac and vortex, respectively (Fig. 2). Only
he peptide extracts obtained after CNBr digestion were dried
sing the SpeedVac because of their large volume.
To protect the user and the electronics against exposure
o toxic chemicals and to prevent evaporation of the solvents
nd the samples during chemical degradation and incuba-
ion at elevated temperature steps, the samples and solvents
ere kept cooled and sealed as much as possible. Because the
NBr/ACN and TFA solutions degrade plastic solvent contain-
rs, they were kept in cooled glass vials with rubber septa that
an be pierced with inert needles. The tip of the needles was
ut to a 45◦ angle to allow them to easily pass through the thick
epta. The needles also have a large internal volume to pre-
ent the CNBr and TFA containing solutions from entering and
egrading the plastic tubing of the liquid handling system. In
iew of the observation that the CNBr and TFA containing solu-
ions degraded most of the tested glue based seals for 96-well
ig. 4 – C-terminal sequence analysis of spot 21 (ABC-type tungs
sing chemical selection. Panel A: MS  spectrum of the CNBr dige
300 are reoccurring contaminants. Panel B: MS/MS  spectrum of
ndicated in green and red respectively. Amino acid sequence is 
eferences to color in this ﬁgure legend, the reader is referred to  ( 2 0 1 4 ) 250–261 255
plates, Paraﬁlm was found to be the best alternative to avoid
evaporation during overnight chemical digestion.
Next to the vials, rubber caps, needles and seals, a large
set of 96-well plates were tested for compatibility with the
solvents and recovery of peptides after drying steps. During all
these tests SDS-PAGE separated horse heart cytochrome c was
used as a test protein. The Polystyrene V-shaped 96-well plates
from Greiner Bio-One were ﬁnally selected as they provided
the most reproducible results (data not shown).
3.2.  Evaluation  of  the  automated  procedure  on
Shewanella  oneidensis  MR-1  2D-PAGE  gel  spots
The automated method was evaluated for proteome analy-
sis of S. oneidensis MR-1. S. oneidensis was aerobically grown
and the total protein extract was separated by 2D-PAGE. After
Coomassie blue staining, 96 of the most intense spots were
selected (Fig. 3) and loaded in a 96-well plate. The robot
autonomously performed all steps from the sample prepara-
tion protocol, starting from destaining the spots and ﬁnishing
by spotting the peptides on the MALDI-plate, in 24 h with only
2 minor manual interventions (applying Paraﬁlm and trans-
ferring the 96-well plate to the SpeedVac).
To illustrate our approach, we focus on the CNBr peptide
map  of spot 21. After incubation with the basic buffer, an inter-
nal peptide appears as a doublet (2339.0 Da and 2357.0 Da) with
a mass difference of 18 Da in the spectrum. The C-terminal
peptide appears as the most intense singlet peak at 2089.9 Da
(Fig. 4A). After fragmentation, a complementary b- and y-ion
tate uptake system substrate-binding component TupA)
st after chemical opening. Masses with m/z 1043, 1109 and
 the C-terminal peptide at m/z 2089.9. Y- and b-ions are
indicated in one-letter code. (For interpretation of the
the web version of this article.)
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Table 1 – Automated C-terminal sequence analysis of 2D PAGE-separated proteins of Shewanella oneidensis MR-1.
Proteina Spotb Mw (kDa)/pI Mw C-term
calcc (Da)
Mw  C-term
obsd (Da)
Sequence C-term peptidee blastp
scoref,i
MS
homology
scoreg,i
GPS score
(>49)h,i
Ribosomal protein S1
RpsA gi|24373949
1,2 61.2/4.91 990.56 991.53 AEAFKAARK 5.0E−03 33 M
ATP synthase F1 subunit
beta AtpD gi|24376219
3,4 49.7/4.88 1614.89 1615.91 VGSIDEAVEKANKKK 6.0E−07 54 79
Translation elongation
factor Tu TufA
gi|24371827
5–14 43.3/5.08 2554.43 2555.40 DEGLRFAIREGGRTVGAGVVAKIIA 1.3E−02 72 82
Translation elongation
factor Tu TufB
gi|24371815
5–14 43.3/5.13 2588.42 2589.37 DEGLRFAIREGGRTVGAGVVAKIFA 3.0E−09 67 65
Inosine-5′-
monophosphate
dehydrogenase GuaB
gi|24374804
15,16 51.6/6.45 2283.09 2283.96 GESHVHDVTITKEAPNYRSGS 2.0E−10 75  M
Isovaleryl-CoA
dehydrogenase LiuA
gi|24347753
17 42.0/5.56 1320.70 1321.69 LIGRELYNESK 1.0E−03 36 144
Leucine dehydrogenase
Ldh gi|24374179
18  37.1/5.77 1061.60 1062.50 ARAIYQAAKA 7.0E−06 46 M
Fructose-bisphosphate
aldolase, class II
Calvin cycle subtype
Fba gi|24346525
19 38.5/5.71 1679.89 1680.79 YKAYQSGALDPKINL 2.0E−11 78 63
NAD dependent malate
dehydrogenase Mdh
gi|24372359
20 32.1/5.37 1759.97 1760.84 LDTLKGDIKLGVDFVK 6.0E−12 80 75
ABC-type tungstate
uptake system
substrate-binding
component TupA
gi|24376191
21 29.3/6.46 2088.80 2089.91 INSFKVEGEQLFKATYSE 1.0E−14 90 275
Transcription
antitermination
protein NusG
gi|24371817
22 20.9/5.74 2008.03 2009.05 IFGRSTPVELDFSQVEKG 2.0E−04 x/41 96
50S ribosomal protein
L7/L12 RplL
gi|24371821
23 12.5/4.63 3494.87 3495.30 SEAAPVAVKEGVSKEEAE
ALKKELVEAGASVEIK
4.0E−15  156/147/72 87
ATP synthase F1 epsilon
subunit AtpC
gi|24376218
24 15.1/5.35 1738.06 1738.91 AQLRVVETIKKNIAR  3.0E−03 32 M
Trigger factor
peptidyl-prolyl
cis-trans isomerase
Tig gi|24373359
25  47.6/4.87 716.39 717.39 NKATGRA 107
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ATP synthase F1 alpha
subunit AtpA
gi|24376221
26,27 55.1/5.38 4204.10 4204.9 NSEHAALIKLINETGDYNADIEAEL-
KAGLDKFVATQTWox
78
Dihydrolipoamide
dehydrogenase LpdA
gi|24372021
28 50.5/5.56 4610.36 4611.10  GCDAEDLALTIHAHPTLHESVGLAAE-
IYEGSITDLPNPKAKKK
M
Bifunctional
acetylornithine
aminotransferase/
succinyl-
diaminopimelate
aminotransferase/
succinylornithine
transaminase ArgD
gi|24346120
29 43.2/5.43 3621.96 3623.32 AGANVVRFAPSLVIPEADIAEGLA-
RFERAVASIAAA
M
Elongation factor EF-Ts
gi|24373198
30,31 30.4/5.31 5430.94 5432.70 EPKKTVGEFLKEKGAKVTNFIRLE-
VGEGIEKKEEDFAAEVAAQIAASKKA
108
Translation elongation
factor P Efp
gi|24373875
32 20.6/4.79 3883.11 3883.46 KPATITGGGTISVADFVKVG-
DKIEIDTRTGEFKKRV
M
30S ribosomal protein
S6 RpsF gi|24375418
33 15.0/5.26 3205.50 3206.29  AKAKDERDSRRGPAGDRSY-
DEANAEEIAE
122
50S ribosomal protein
L5 RplE gi|24371841
34 20.2/9.27 3025.58 3026.18 DIVITTSAKTDEEGRALLDAFNFPFKK 135
Alanine dehydrogenase
Ald gi|414562022
35  39.1/5.89 2695.44 2696.39  HGKLVCKEVAQALNLEYTAPTGLLA 79
Peroxiredoxin TsaA
gi|414562066
36,37 21.8/5.19 1708.83 1709.71  NASTAGVAAYLAENASSL 68
DNA-binding protein
H-NS family
gi|24374659
38 14.6/5.56 2225.12 2226.16  PTVFKNEVNKGRSMoxDDFLI 58
a Name and NCBI Entrez accession number.
b Spot number according to the position on the 2D PAGE.
c Mw calculated by using the residual monoisotopic values with cysteine converted to carbamidomethylcysteine.
d Mw observed in positive reﬂectron analysis (singly protonated).
e The sequence of the C-terminal peptide as found in the NCBI database, the part in bold was found by manual de novo sequencing.
f Blast score obtained by searching the de novo determined sequence using standard settings S. oneidensis proteome (NCBI).
g MS homology score obtained by searching S. oneidensis proteins (NCBI) using the BLOSUM 62 scoring matrix.
h Protein score obtained from GPS explorer searching MS and MS/MS scores for protein identiﬁcation. For proteins labeled M, scores were not signiﬁcant but validated by manual interpretation at
least one MS/MS spectrum.
i For proteins present in multiple spots, for simplicity, an examplary value for one of the spots is displayed.
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series was obtained covering the entire C-terminal peptide
sequence (Fig. 4B). The 18-residue amino acid sequence was
submitted to a Blast search against the S. oneidensis proteins in
the NCBI database [19,21] and was identiﬁed as the C-terminal
peptide of a protein annotated as an ABC-type tungstate
uptake system substrate-binding component (TupA).
Out of 96 samples, 44 unique proteins from 60 different
spots, with a molecular mass ranging from 12.5 to 93 kDa,
could be identiﬁed using the CNBr peptide mass peptide
Table 2 – Carboxypeptidase based C-terminal sequence analysi
MR-1.
Prot eina Spotb Mw(k Da)/pI
Mw C-t erm 
calcc (Da)
Mw
o
Trans lation  elon gation 
factor Tu TufA 
gi|2437182 7
5-14 43 .3/5.08 2554 .43 2 
Trans lation  elon gation 
factor Tu TufB 
gi|2437181 5
5-14 43 .3/5.13 2588 .42 
ABC-t ype tungst ate 
uptake system substrate-
binding component TupA 
gi|2437619 1
21 29.3/6.46 2088.80
50S ribos omal prot ein 
L7/L12  RplL gi|2437182 1 23 12 .5/4.63 3494 .87 3 
Two co mpon ent signal 
trans duc tion  syst em 
controlli ng aerobic 
respira tion  response 
regulato r ArcA  
gi|2437547 5
53 27 .2/5.51 5743 .94 5 
Ton B2 energy 
transduction system 
periplasmic co mpon ent 
gi|41456195 8
87 24 .1/5.04  5200 .78 5 
Cyto plasmic peptidyl-
prolyl cis-trans 
iso mera se B PpiB 
gi|24373356
88 18.1/5.30 1903.05
Universal st ress  prot ein 
family gi|24375179 90 15 .59 /5.26 3665 .95 3 
aName and NCBI Entrez accession number.
bSpot number according to the position on the 2D PAGE.
cMw calculated by using the residual monoisotopic values with cysteine c
dMw observerd in positive reﬂectron analysis (singly protonated).
eThe sequence of the C-terminal peptide as found in the NCBI database. T
in red was obtained via carboxypeptidase ladder formation.
fBlast score obtained by searching the de novo determined sequence usin
gMS homology score obtained by searching S. oneidensis proteins (NCBI) us 3 ( 2 0 1 4 ) 250–261
ﬁngerprint and MS/MS data (Table 1 and Supplementary Table
1). In 38 spots (24 proteins) thereof, we were able to distinguish
the C-terminal peptides since they appeared as singlets in
the MS spectrum (Table 1). Other singlet peaks were recurrent
contaminants that could be excluded. These C-terminal
peptides were selected for MS/MS analysis and after manual
interpretation of the obtained fragmentation spectra we  were
able to obtain sufﬁcient C-terminal sequence information to
identify 13 proteins present in 24 spots using a Blast search
s of 2D PAGE-separated proteins of Shewanella oneidensis
 C-t erm 
bsd (Da)
Sequenc e C-t erm 
peptidee blast p sc ore
f
MS 
homology 
scoreg
555.45 DEGLRFAIREGGRTVGAGVVA KII A 1.3E- 02 72
2589.4 DEGLRF AIR EGGRT VGAGVVA KIFA 1.0E- 07 –
2089.9 INSFKVEGEQLFKATYSE 2.0E-11 76
495.30
SEAAP VAVKE GVSKE
EAEALKKELVEAGAS
VEIK
1.0E- 20 12 1
744.19
TGRE LKPHDRTVDV TI
RRIRKHFESLPDTPEIIA
TIHGEGYRFCam GNLE
D
– –
202.00
YNPQTKGWoxDKLEDS
YLRE LTKGIRIARKQGA
LDLFA LPIPAA ETA Q
5.8E- 02 27
1904.1 HQDV PLEAVV IEKVSVAA 2.0E-06 46
666.78
VVIAS HGRTGISHFLHT
NVAEDVAN GAVCP VLV
VK
1.6E- 01 21
onverted to carbamidomethylcysteine.
he part in bold was found by manual de novo sequencing, the part
g standard settings S. oneidensis proteome (NCBI).
ing the BLOSUM 62 scoring matrix.
e u  p a o p e n p r o t e o m i c s 3 ( 2 0 1 4 ) 250–261 259
Fig. 5 – C-terminal sequence analysis of spot 88 (Cytoplasmic peptidyl-prolyl cis–trans isomerase B PpiB) using
carboxypeptidase (CP) selection. Panel A: accumulated MS  spectrum of the CNBr digest after incubation with CPase at
d er is 
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anel B: MS/MS  spectrum of the C-terminal peptide. Only b-
gainst the S. oneidensis MR-1 protein database (Table 1). In
 cases, the entire sequence of the C-terminal peptide could
e extracted from the fragmentation spectrum while in the
ther, a sequence tag of minimum 6 consecutive amino acids
ould be determined. In one case, DNA-binding protein H-NS
amily (spot 38), the C-terminal peptide contained one missed
leavage due to the presence of an oxidized methionine.
Supplementary Table related to this article can be found,
n the online version, at doi:10.1016/j.euprot.2014.03.004.
.3.  Evaluation  of  the  carboxypeptidase  based  method
or C-terminal  sequencing
o benchmark the automated method we also used our pre-
iously described manual technique, implementing CPase
reatment [12], to analyze the 96 most intense spots from a
D-PAGE gel containing S. oneidensis MR-1 proteins. Of the 96
pots, here 45 unique proteins could be identiﬁed by peptide
ass ﬁngerprint (PMF) analysis of the CNBr fragments and by
erforming a database search on a local MASCOT server using
S/MS  data. In 16 spots, a sequence ladder could be obtained
fter incubation with CPase, corresponding to 8 different pro-
eins. The length of the obtained sequence ladder varied
etween only 2 and 6 amino acids. Additional sequence infor-
ation of the C-terminal peptide was generated by MS/MS.
he obtained sequences were searched against the NCBI S.
neidensis MR-1 database using two different search enginesformed starting at the C-terminal peptide (m/z 1903.79).
 are observed.
(Table 2) signiﬁcantly identifying 4 different proteins present
in 13 spots.
To illustrate the workﬂow of the CPase technique we  show
the peptide map  of cytoplasmic peptidyl-prolyl cis-trans isom-
erase B (spot 88) in detail. During the time-dependent ladder
formation, samples were collected and spotted on the MALDI
plate at different time points during the incubation with
CPase. The peptide mass ﬁngerprint analysis based on the
spectrum from the sample before CPase incubation resulted
in a signiﬁcant protein identiﬁcation score of 92 (result not
shown). By combining MS spectra obtained from the concen-
tration dependent digests a 4 amino acid C-terminal tag SVAA
could be determined originating from the C-terminal pep-
tide, with an m/z value of 1903.05 (Fig. 5A). The intact peptide
was also selected for MS/MS. Now, a somewhat larger amino
acid tag could be extracted from the spectrum, AVVIEKVS
or SVKEIVVA (Fig. 5B). By combining this information with
the C-terminal 4 amino acid tag SVAA the direction of the
tag can be determined and combined to AVVIEKVSVAA. This
sequence tag resulted in a positive identiﬁcation in a Blast
search (Table 2).4.  Discussion
The chemical selection technique, automated on the robotic
Tecan platform, outperforms our previous CPase based
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method in terms of throughput. 96 samples can be prepared
for MALDI analysis starting from gel spots in 24 h (including
a 12 h CNBr digest). The entire process only demands for two
manual interventions. When samples are analyzed using the
manual CPase technique a throughput of only 10 samples a
day could be reached.
The MALDI data acquisition and interpretation are also
faster and more  straightforward when using the chemical
selection technique. There is no need to analyze the sam-
ples at multiple time points or with multiple concentrations
of CPase. This reduces the number of spots and spectra that
need to be acquired and interpreted. The C-terminal peptide
can be identiﬁed from a single MS  spectrum while multiple
MS  spectra need to be layered to observe the ladder formed in
the CPase technique.
When the results of both experiments are compared it is
clear that the chemical selection technique has a larger num-
ber of identiﬁed and sequenced C-terminal peptides. There
are two  main reasons why the chemical selection would gen-
erate better results than the CPase selection. First, due to the
selectivity of the CPase, a lot of C-terminal peptides are not
efﬁciently digested and no ladder will be observed for those
proteins, while the chemical selection is sequence indepen-
dent. Second, when a sample is analyzed using the CPase
approach the sample is distributed over multiple fractions
(concentration- and time-dependent analysis) resulting in a
lower concentration of the peptide of interest in the spot. Due
to the ladder formation, the C-terminal peptide is also present
in multiple forms, lowering its detection level.
We  realize that 2D-PAGE has several well characterized
limitations that limit the applicability of our technique, and
that LC–MS based shotgun methods are in place [22]. How-
ever, 2D-PAGE is still the preferred method to separate intact
proteins and offers the possibility to distinguish protein iso-
forms. Several proteins were identiﬁed in multiple spots, in
all demonstrated cases providing knowledge that the isoforms
are not the result of C-terminal processing.
The success of our C-terminal sequence determination
depends on the length, ionization capacity and fragmenta-
tion efﬁciency of the CNBr fragments that are generated. In
both cases the MS  analysis is performed using MALDI-TOF
MS, generating predominantly singly charged ions. The use
of alpha-cyano-4-hydroxycinnamic acid as matrix produces
chemical noise in the low molecular weight mass range and
therefore hinders the detection of C-terminal peptides with a
mass below 1 kDa. Further optimization of the MALDI sample
preparation could probably improve this. It should be real-
ized that performing c-terminal sequence analysis of tryptic
endopeptides as obtained from typical shotgun methods the-
oretically results in over 70% of peptides smaller than 1000 Da
in S. oneidensis.
On the other hand, in our experience the upper mass
limit for the analysis of CPase derived ladder sequences in
MALDI-TOF MS, providing enough resolution and accuracy to
identify the amino acid sequence, was restricted to C-terminal
fragments with Mw of ±4–5 kDa. Similarly, MALDI-TOF MS/MS
is typically restricted to peptides of the same length, limiting
our new approach. Indeed, when analyzing the mass distribu-
tion of the C-terminal peptides generated by CNBr cleavage of
all S. oneidensis MR-1 proteins, we calculated that 51.2% of the 3 ( 2 0 1 4 ) 250–261
4087 unique entries in the NCBI database have a C-terminal
peptide mass between 1 kDa and 5.5 kDa and should be eas-
ily distinguished in a reﬂection MALDI-TOF MS spectrum. 70%
of the proteins that we  identiﬁed based on the peptide ﬁn-
gerprints, but for which no C-terminus could be obtained,
have a predicted C-terminal peptide that falls outside this
mass range. To be independent from genome annotation,
the C-terminal sequence should be determined by de novo
sequencing. The upper limit to generate qualitative de novo
interpretable MS/MS spectra using our 4800 TOF/TOF instru-
ment is around 3.5 kDa. Half of the C-termini that could not
be identiﬁed by de novo sequence analysis, but were identiﬁed
by a Mascot MS/MS  ion search (7 spots out of 14) were larger.
It should be commented that Mascot is not fully compatible
with our strategy. For CNBr digested peptides, it automatically
sets the C-terminal amino acid as variable for homoserine
and homoserine lactone. It would be better to allow a ﬁxed
modiﬁcation there, which would reduce the search window
and result in more  signiﬁcant scores. This is also the reason
why we report the GPS Scores, as this groups the scores for
all ﬁngerprint and MS/MS  spectra of a particular MALDI spot
analysis providing a more  conﬁdent identiﬁcation.
Overall, we were unable to identify the C-terminal peptide
in 23 identiﬁed spots (21 unique protein entries), around 70%
of those C-termini were outside the 1–5.5 kDa range (Supple-
mentary Table 1).
5.  Conclusion
Common shotgun proteomics approaches fail to character-
ize the N- or C-terminal sequence of the protein under study.
This is most often due to the poor detection of terminal pep-
tides during mass spectrometric analysis of complex peptide
mixtures and the incomplete annotation of protein termini in
protein databases. Here, we present the ﬁrst fully automated
C-terminal sequencing approach that can be implemented in
a traditional proteomic setup. We  have applied the method
to 96 2D-PAGE separated S. oneidensis MR-1 proteins and show
strong improvement compared to our previously used manual
CPase ladder sequencing technique. Moreover, we  were able to
identify three times more  proteins using de novo sequenced
C-terminal peptides. The main limitations of the technique
are intrinsic to the use of 2D-PAGE and MALDI TOF/TOF MS
as analysis tools. We  have demonstrated that the technique
theoretically covers 50% of the proteome of S. oneidensis MR-1
and is at least complementary to other approaches for whole
genome C-terminal sequence determination.
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